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Abstract 

Antrodia cinnamomea is a traditional healthy food that has been demonstrated to possess anti-inflammatory, antioxidative, 
and anticacer effects. The purpose of this study was to evaluate whether the ethanolic extract of A. cinnamomea (EEAC) can 
affect the efflux function of P-glycoprotein (P-gp) and the effect of ABCB1 genetic variants on the interaction between EEAC 
and P-gp. To investigate the mechanism of this interaction, Flp-ln™-293 cells stably transfected with various genotypes of 
human P-gp were established and the expression of P-gp was confirmed by Western blot. The results of the rhodamine 123 
efflux assay demonstrated that EEAC efficiently inhibited wild-type P-gp function at an IC 50 concentration of 1.51 ±0.08 u.g/ 
mL through non-competitive inhibition. The IC 50 concentrations for variant-type 1236T-2677T-3435T P-gp and variant-type 
1236T-2677A-3435T P-gp were 5.56±0.49 ng/mL and 3.33 ±0.67 ug/mL, respectively. In addition, the inhibition kinetics of 
EEAC also changed to uncompetitive inhibition in variant-type 1 236T-2677A-3435T P-gp. The ATPase assay revealed that 
EEAC was an ATPase stimulator and was capable of reducing verapamil-induced ATPase levels. These results indicate that 
EEAC may be a potent P-gp inhibitor and higher dosages may be required in subjects carrying variant-types P-gp. Further 
studies are required to translate this basic knowledge into clinical applications. 
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Introduction 

Antrodia cinnamomea, a well-known medicinal mushroom, has 
attracted lots of attentions to public due to the potential 
therapeutic efficacy of liver function protection, antihypertension 
and anti-inflammation [1]. Recently, A. cinnamomea has been 
demonstrated to exhibit anticancer and chemopreventive effects 
[2] . One of the major obstacles in the current chemotherapies of 
numerous cancers is multidrug resistance (MDR) [3]. MDR can 
be an intrinsic or acquired cross-resistance to structurally or 
pharmacologically unrelated agents. Among the various mecha- 
nisms proposed to be associated with cancer resistance, the 
overexpression of efflux transporters, such as P-glycoprotein, was 
suggested to be one of the major contributors [4] . 

P-glycoprotein (P-gp), encoded by the ABCB1 gene, belongs to 
the ATP-binding cassette superfamily and is constitutively 
expressed in the apical membranes of the liver, kidney, intestines, 
lung, and adrenal glands, as well as in the luminal surface of the 
blood-brain, blood-testis, and blood-ovarian barriers [5]. The 
biological function of P-gp is to protect organs from toxic 
xenobiotics by the energy-dependent efflux of substrates [5]. 
Numerous therapeutic drugs are substrates of P-gp, including 
several chemotherapeutic agents (such as vinca alkaloids, anthra- 



cyclines, epipodophyllotoxins, and taxanes), HIV protease inhib- 
itors, immunosuppressive drugs, antidepressants, antibiotics, and 
steroids [5,6]. Therefore, the overexpression of P-gp causes the 
intracellular concentrations of these drugs to decrease and may 
result in treatment failure. The expression levels of P-gp were 
correlated with disease progression and the treatment outcomes of 
several cancers, such as acute myelogenous leukemia, sarcomas, 
and breast cancer [6]. Thus, compounds that inhibit P-gp 
inhibition activities may have the potential to improve the clinical 
outcomes of these cancers by restoring sensitivity to chemother- 
apeutic agents. 

To overcome MDR to chemotherapeutic agents, several P-gp 
inhibitors have been generated and evaluated both in vitro and 
clinically [7] . Although three generations of P-gp inhibitors have 
been developed, none of them have demonstrated benefits in 
clinical trials [7] . There are several potential reasons for the lack of 
clinical benefits including inadequate preclinical evaluation, 
systemic toxicity caused by nontarget site binding, drug interac- 
tions between P-gp inhibitors and chemotherapeutic agents, and 
genetic polymorphisms of the ABCB1 gene [6]. The ABCB1 gene is 
a highly polymorphic gene and several genetic polymorphisms 
have been demonstrated to affect P-gp expression, protein 
conformation, and efflux function [3]. These effects may 
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contribute to the interindividual variations in the outcomes of P-gp 
modulators. Several studies have associated ABCB1 12360T, 
3435C>T, and 1199G>A with irinotecan concentrations in 
patients [8], preoperative chemotherapy responses [9] and 
progression-free survival following chemotherapy [10]. Therefore, 
considering whether certain relevant genetic polymorphisms may 
influence the efficacy and affinity of investigated P-gp inhibitors is 
necessary. 

The systemic toxicities of synthetic P-gp inhibitors have elicited 
an increasing amount of attention to the potential use of natural 
products. Among traditional healthy natural products, increasing 
evidence supports the hypothesis that A. cinnamomea induces a wide 
range of biological activities, including antiinflammation, antiox- 
idation, liver function protection, and antitumor effects [1]. 
Regarding the antitumor effects, the extracts of mycelia and the 
fruiting bodies of A. cinnamomea exhibited cytotoxic effects on 
prostate, breast, bladder, and lung cancers [11-13]. Moreover, 
EEAC exhibited antimigration effects on lung adenocarcinoma 
cells [14]. However, the effects of the extracts of fruiting A. 
cinnamomea bodies on P-gp efflux function have not been 
investigated. 

In the present study, we evaluated whether EEAC inhibits P-gp 
and investigated the influences of genetic polymorphisms in the 
ABCB1 gene on the potency of P-gp inhibition. Furthermore, we 
explored the underlying molecular mechanisms of the P-gp 
inhibition effects. 

Materials and Methods 

Chemicals 

The A.cinnamomea was a kindly gift from Cosmox Biomedical 
Co., Ltd. (Taoyuan, Taiwan). The preparation of the ethanolic 
extracts of fruiting bodies of A.cinnamomea (EEAC), methods of 
HPLC and MS analysis were the same as our previous studies 
[14,15] and the results were shown in Figure SI. Rhodamine 123, 
calcein-AM, and R-(+)-Verapamil were purchased from Sigma 
Chemical Co (St. Louis, MO, U.S.A.). All restriction enzymes 
were purchased from New England Biolabs (Ipswich, MA, USA). 
The Flp-In ™ system, Flp-In™-293 cells (human embryonic 
kidney cells), zeocin, hygromycin B and all cell culture medium 
and reagents were obtained from Invitrogen (Carlsbad, CA, USA). 
Human ABCBlcDNA in pMDRAl was provided by the Riken 
BRC DNA bank (RDB No. 1372) (Ibaraki, Japan). 

Cell Line Establishment 

Flp-In -293 cells were cultured in DMEM medium supple- 
mented with 10% fetal bovine serum and selected with 100 u.g/ 
mL zeocin at 37°C, 95% humidity and 5% CO z . The pcDNA5/ 
ABCB1 containing different genotypes of ABCBlcDNA were 
constructed in our previous studies [16,17] and the genotypes of 
the transfected cells were confirmed by direct sequencing. The 
constructed pcDNA5/^LeCfi; plasmid and pOG44 (the Flp 
recombinase expression plasmid) were co-transfected into the 
Flp-In™-293 cells. Stable transfected with wild-type P-gp (1236C- 
2677G-3435C) and variant types P-gp (1236T-2677A-3435T and 
1236T-2677T-3435T) cell lines were selected on the basis of 
hygromycin B resistance. The protein and mRNA expressions of 
P-gp were confirmed by Western blot analysis and real-time 
quantitative RT-PCR, respectively, in our previous studies 
[16,17]. 

Cytotoxicity Assay 

Cytotoxicities of EEAC at concentrations used in the present 
study were determined by MTT assay. Briefly, the cells were 



seeded into 24-well plates and cultured overnight. Various 
concentrations of EEAC (from 1 |j,g/ mL to 5 (ig/mL) were then 
added and incubated for 72 hours. After incubation, the medium 
was removed and added fresh culture medium 200 ju.1 containing 
0.5 mg/ml MTT and then incubated at 37°C for 4 hours. The 
medium was removed and 200 u.1 DMSO was added. After 
incubation for 30 minutes at room temperature, 100 u.1 of solution 
was transferred to a 96-well plate and absorbance was measured 
using an ELISA plate reader (Molecular Devices, Sunnyvale, 
USA) at 570 nm with a reference wavelength of 650 nm. 

P-gp ATPase Activity Assays 

The effect of EEAC on P-gp ATPase activity was examined by 
Pgp-GIO assay system (Promega, Madison, WI, USA) according 
to manufacturer's protocol. To be brief, in a 96-well untreated 
white plate, 25 u.g recombinant human Pgp was incubated with P- 
gp-GIO assay buffer (untreated control) or 200 |jM verapamil 
(positive control of drug induced P-gp ATPase activity) or 100 uM 
sodium orthovanadate (selective inhibitor of P-gp ATPase activity) 
or EEAC (from 0.01 ug/mL to 200 ug/mL). The reaction was 
initiated by adding 5 mM MgATP and incubated for 40 min at 
37°C. The luminescence was initiated by adding 50 ul of ATP 
detection reagent after 20 min of incubation at room temperature 
and read on the SpectraMax Gemini XS microplate spectroflu- 
orometer (Molecular Devices Co., Sunnyvale, CA, USA). Each 
experiment was performed at least three times, each in triplicate 
on different days. 

Rhodamine 123 Intracellular Uptake and Efflux Assays 

For FACS analysis, 5xl0 5 cells were harvested after trypsin- 
ization by centrifugation and resuspended in fresh culture 
medium. Rhodamine 123 (final concentration 1 uM) was added 
and the cells were incubated in a water bath at 37°C in the dark. 
Cells were pelleted at 1, 5, 10, 15, 30, 45, 60, and 90 min. After 
washed with ice-cold PBS, cells were resuspended in 1 -ml, ice-cold 
PBS prior to FACS analysis using CellQuest software (Becton 
Dickinson, FranklinLakes, NJ, USA). Each cell type was 
performed at least three experiments, each in triplicate on 
different days. 

For efflux assays, 1x10 cells were seeded on 96-well plates and 
cultured for 24 hours. After incubation, cells were washed with 
warm Hanks' balanced salt solution (HBSS) and pre-incubated 
with HBSS for 30 min, and subsequendy incubated in 1 mM 
rhodamine 123 for 30 min with or without EEAC in triplicate. 
After washed with warm PBS, cells were allowed to efflux 
rhodaminel23 for 10 min at 37°C in the incubator. Samples 
(150 ui) were collected and transferred to 96-well black plates. 
Rhodamine 123 concentrations were measured using a set of 
standards (from 62.5 nM to 8 |J,M) in HBSS analyzed by the 
SpectraMax Gemini XS microplate spectrofluorometer (Molecu- 
lar Devices Co., Sunnyvale, CA, USA) with the excitation set at 
485 nm and the emission set at 535 nm. The measured 
rhodamine 123 concentrations were normalized to the total protein 
content in the cells. Total protein concentrations were measured 
by a microplate assay protocol (Dc protein assay reagent, Bio-Rad, 
Hercules, CA, USA), and bovine serum albumin was used as the 
standard. Each experiment was repeated at least three times across 
cell passages to ensure stability of transfection and consistency and 
reproducibility of the experiments. 

Calcein-AM Uptake Assay 

For calcein-AM uptake study, 1 x 1 0 5 cells were placed on 96- 
well black plates and cultured for 24 hours. Before the uptake 
assay, cells were washed with warm Hanks' balanced salt solution 
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(HBSS) and pre-incubated with HBSS for 30 min, and subse- 
quently with EEAC for 30 min in triplicate. After pre-incubation, 
calcein AM (final 1 |0.M) was added and incubated at 37°C in the 
incubator for 30 min. After washed by ice-cold HBSS, cells were 
lysed with 1% Triton X-100 and calcein fluorescence generated 
within the cells was analyzed by the SpectraMax Gemini XS 
microplate spectrofluorometer (Molecular Devices Co., Sunny- 
vale, CA, USA) with the excitation set at 485 nm and the emission 
set at 535 nm. Each experiment was performed at least three 
times, each in triplicate on different days. 

Fluorescent Doxorubicin Kinetic Assay 

For FACS analysis, 5xl0 5 cells were harvested after trypsin- 
ization by centrifugation and resuspended in fresh culture 
medium. Fluorescent doxorubicin (final concentration 10 uM) 
was added and the cells were incubated in a water bath at 37°C in 
the dark. Cells were pelleted at 1,5, 10, 15, 30, 45, 60, 90, 120, 
150 and 180 min. After washed with ice-cold PBS, cells were 
resuspended in 1 ml ice-cold PBS prior to FACS analysis using 
CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA). 
Each cell type would be used to perform at least three 
experiments, each in triplicate on different days. 

For efflux assays, 1x10'' cells were seeded on 96- well plates and 
cultured for 24 hours. After incubation, cells were washed with 
warm Hanks' balanced salt solution (HBSS) and preincubated 
with HBSS for 30 min, and subsequendy incubated in 10, 20 or 
30 uM fluorescent doxorubicin for 3 hours with or without EEAC 
in triplicate. After being washed with warm PBS, cells were 
allowed to efflux fluorescent doxorubicin for 2 hours at 37°C in the 
incubator. Samples (100 ni) were collected and transferred to 96- 
well black plates. Fluorescent doxorubicin concentrations were 
measured using a set of standards (from 0.5 |iM to 10 |0,M) in 
HBSS analyzed by the SpectraMax Gemini XS microplate 
spectrofluorometer (Molecular Devices Co., Sunnyvale, CA, 
USA) with the excitation set at 485 nm and the emission set at 
590 nm. The measured fluorescent doxorubicin concentrations 
were normalized to the total protein content in the cells. Total 
protein concentrations were measured by a microplate assay 
protocol (Dc protein assay reagent, Bio-Rad, Hercules, CA, USA), 
and bovine serum albumin was used as the standard. Each 
experiment was repeated at least three times across cell passaging 
to ensure stability of transfection and consistency and reproduc- 
ibility of the experiments. 

Data Analysis 

For ATPase Assay data analysis, basal P-gp activity, verapamil- 
stimulated P-gp ATPase activity, EEAC effect on P-gp ATPase 
activity and fold stimulation by EEAC were calculated as following 
equations: 

Basal P-gp activity: 

ARLU l, asa l = RL Uffai V04 — RL Unt 
Verapamil-stimulated P-gp ATPase activity: 

A RL U Verapamil = RL Umi V04 ~ RL U Verapamil 

EEAC effect on P-gp ATPase activity: 

A RL UeEA C = RL Up/ a 3 V04 — RL Ueea c 



Fold stimulation by EEAC: 

EEAC stimulated P — gp activity 



Fold stimulation = : 



basal P — gp activity 



For evaluation of inhibitor potency, IC 50 values were calculated 
by the following equation: 



E = E ( 



( 7C50-' 
\IC50 S + P 



Where E is the observed efflux in the presence of inhibitor; E 0 , 
the efflux in the absence of inhibitor; I, the inhibitor concentra- 
tion; IC50, the concentration that caused 50% inhibition of the 
maximal drug effect and s is the slope factor. 

For kinetic studies, kinetic parameters were estimated by 
nonlinear regression using Scientist v2.01 (MicroMath Scientific 
Software, Salt Lake City, UT, U.S.A.) according to the following 
equation: 



V = 



V max X C 

K m + C 



Where V denoted the efflux rate; V max , the maximal efflux rate; 
Km, the Michaelis-Menten constant and C is the substrate 
concentration. Statistical comparisons among different cells were 
performed by using SYSTAT vlO (Systat, Inc., Evanston, IL, 
U.S.A.). Statistical differences were evaluated by ANOVA and 
post hoc analysis (Tukey's test) and the statistical significance was 
set at p value <0.05. 

Results 

P-gp Expression in Established Cell Lines 

The ABCB1 gene stable transfected cells expressed large 
quantities of human P-gp, whereas little expression of ABCB1 
mRNA and protein was found in the Flp-In™-293 cells (host 
cells). There was no significant difference among the mRNA and 
protein expression levels of wild type ABCB1 and the two variant 
types as showed in our previous studies [16,17], After 72 hours 
treatment of 5 Ug/mL EEAC, the ABCB1 mRNA and protein 
expression remained unchanged in wild type ABCB1 and the two 
variant types (Fig. 1). The cytotoxicity assays indicated that EEAC 
at concentrations ranging from 1 ug/mL to 5 ug/mL did not 
affect Flp-In™-293 cells viability, since the IC 50 of EEAC for Flp- 
In™ 293, ABCB1 1236C-2677G-3435C (wild-type), ABCB1 
1236T-2677T-3435T and ABCB1 1236T-2677A-3435T were 
21.27±1.26, 29.31 ± 1.72, 20.60±0.94 and 22.74± 1.04 ug/ml, 
respectively (Fig. 1(/J). 

Basic Function Evaluation of Human P-gp 

The well-known P-gp substrate, rhodaminel23, was used as a 
model compound to investigate the effects of EEAC on P-gp 
function in the present study. The total efflux of rhodamine 123 by 
human P-gp was a combination of first-order non-specific 
transport and a saturable process. The K M and Vmax values for 
rhodamine 123 efflux in wild- type human P-gp were estimated to 
be 20.17±4.45 uM and 11.22±0.73 nmole/mg protein/10 min, 
respectively, whereas the non-specific first-order rate constant was 
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Figure 1 . Effect of EEAC on P-gp mRNA and protein expression level. (a)(fa) Western blot of P-gp expression with C21 9 monoclonal antibody 
(2 |ig protein/lane). The upper one was the mature fully glycosylated (—170 kD) and the lower one was the immature P-gp (—150 kD). The 
expression of (3-actin was used as loading control. Treatment of EEAC 5 ng/mL for 48 and 72 hours demonstrated no effect on P-gp protein 
expression. (c)(d)(e) Analysis of mRNA levels with real-time quantitative RT-PCR. There were no significant ABCB1 mRNA expression differences after 
treating the P-gp expressed cells with 5 ng/ml EEAC for 24, 48 and 72 hours, (f) Cytotoxicity study of EEAC by MTT assay. The 1C 50 of EEAC for Flp-ln™ 
293, ABCB1 1236C-2677G-3435C (wild-type), ABCB1 1 236T-2677T-3435T and ABCB1 1 236T-2677A-3435T were 21.27, 29.31, 20.60 and 22.74 ng/ml, 
respectively. There was no significant difference among the IC 50 . Data were presented as mean ± SE of at least three experiments, each in triplicate. 
doi:10.1371/journal.pone.0089622.g001 
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Table 1. Effect of the ethanolic extract of Antrodia cinnamomea (EEAC) on rhodamine123 transport by wild-type and variant-type 
human P-gp. 





Nonlinear kinetic parameters 


ABCB1 1236C-2677G-343SC (wild-type) 


V m (pmole/mg protein/10 mins) 


K m (uM) 




Nonlinear regression 


Rhodamine 123 only 


11.22±0.73 


20.17±4.45 




+ EEAC, 1 ng/ml 


5.12±0.73* 


21.9±3.26 




+ EEAC, 5 ng/ml 


3.95±1.03* 


20.44±6.28 




EEAC K, estimation 


K| from Lineweaver-Burk (ng/ml) 






4.5 ±0.83 


IC 50 (|ig/ml) 






1.51 ±0.08 


ABCB1 1 236T-2677T-3435T 


Nonlinear regression 


Rhodamine 123 only 


9.84±1.16 


24.54 ±1.94 




+ EEAC, 1 (ig/ml 


4.49 ±0.66* 


19.24±5.11 




+ EEAC, 5 (ig/ml 


3.65±0.18* 


16.83±3.23 




EEAC K, estimation 


K| from Lineweaver-Burk ([ig/ml} 






6.32±1.18 


IC 50 (|ig/ml) 






5.56 ±0.49 


ABCB1 1 236T-2677A-3435T 


Nonlinear regression 


Rhodamine 123 only 


3.54±0.18 


23.8±0.5 




+ EEAC, 1 ng/ml 


1.54±0.1* 


10.7±2.91* 




+ EEAC, 5 ug/ml 


0.89 ±0.1 6* 


8.65±1.35* 




EEAC K, estimation 


Kj from Lineweaver-Burk ([ig/ml} 






1.45 ±0.66 


IC 50 (|ig/ml) 






3.33 ±0.67 



*p<0.05 compared with rhodamine123 transport without EEAC. 
doi:1 0.1 371 /journal.pone.0089622.t001 



estimated to be 10.08±1.12 |J.L/mg protein/ 10 min. Since the 
intrinsic clearance, Vmax/KM, of rhodamine 123 was 556.3 (iL/ 
mg protein/ 10 mins, non-specific transport accounted for only 
1.8% of the total efflux. The Km values for rhodamine 123 efflux 
in wild-type and variant-types P-gp were similar, while the Vmax 
value for rhodamine 123 efflux was significandy lower in variant 
type 1236T-2677A-3435T P-gp than wild-type 1236C-2677G- 
3435C P-gp and variant type 1236T-2677T-3435T P-gp (Table 1). 

Effects of EEAC on P-gp Efflux Function 

The initial rate of rhodamine 123 efflux in the present study was 
the initial 10 min. Therefore, rhodamine 123 efflux at 10 mm was 
used in the inhibition study. The efflux of rhodamine 123 was 
significandy inhibited by EEAC in wild-type and variant-types P- 
gp (Fig. 2a). The lower rhodamine 123 efflux amount denoted 
lower P-gp function. The IC 50 (50% inhibitory concentration) 
values for EEAC in wild-type P-gp, variant type 1236T-2677T- 
3435T P-gp, and variant type 1236T-2677A-3435T P-gp were 
1.51 ±0.08 Hg/mL, 5.56±0.49 ng/mL and 3.33±0.67 ug/mL, 
respectively (Table 1). The EEAC inhibited P-gp efflux function 
was further confirmed by the calcein-AM uptake assay. Calcein- 
AM is also a good substrate of human P-gp with non-fluorescent 
and lipophilic properties. It would become fluorescent calcein after 
hydrolysis in living cells. The higher intracellular calcein 
fluorescence indicates lower function of P-gp. Therefore, in both 
rhodamine 123 efflux and calcein AM uptake assays, verapamil 



(10 (J.M) was the most potent P-gp inhibitor among the tested 
compounds. The intracellular accumulation of calcein was 
significandy increased by EEAC in a concentration-dependent 
manner in cells expressing wild-type P-gp and variant-types P-gp 
(Fig. 2b). The effect of EEAC on P-gp mediated doxorubicin efflux 
was further evaluated. The efflux of doxorubicin was significantly 
reduced by EEAC in a concentration dependent manner in cells 
expressing wild-type P-gp and variant-types P-gp (Fig. 2c). 

Mechanism of Interaction between EEAC and P-gp 

To evaluate the effect of EEAC on the P-gp ATPase activity, 
various concentrations of EEAC (from 0.01 |ig/mL to 200 u.g/ 
mL) were incubated with recombinant human P-gp. EEAC was 
demonstrated to stimulate P-gp ATPase activity by two fold higher 
than basal ATPase activity and inhibited 200 (J.M verapamil- 
stimulated P-gp ATPase activity at 5 |J.g/mL (Fig. 3). 

The inhibition kinetics of EEAC was further investigated in the 
wild type and the variant types of P-gp by Lineweaver-Burk plot 
(Fig. 4). In the wild-type P-gp and variant type 1236T-2677T- 
3435T P-gp, when the concentration of EEAC increased, the 
maximum rate of rhodamine 123 efflux (Vmax) decreased with 
affinity (Km) remaining unchanged (Fig. 4; Table 1). These results 
suggested that EEAC may inhibit rhodamine 123 efflux by wild- 
type P-gp and variant type 1236T-2677T-3435T P-gp via non- 
competitive inhibition. On the other hand, in the variant type 
1236T-2677A-3435T P-gp, both Vmax and Km of rhodamine 
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Figure 2. Evaluation of influences of EEAC on P-glycoprotein efflux function, (a) Rhodamine 123 efflux assay: EEAC inhibited P-gp 
mediated efflux of rhodamine 123 in a concentration dependent manner. Verapamil 10 |iM was used as a positive control. EEAC significantly 
inhibited rhodamine 123 efflux in wild-type P-gp, as well as the two variant-types P-gp. *p<0.05 as compared to rhodamine 123 efflux without EEAC 
(control), (b) Calcein-AM uptake assay: EEAC increased intracellular accumulation of calcein in a dose dependent manner in wild-type P-gp, as well as 
the two variant-types P-gp. Verapamil 10 was used as a positive control. *p<0.05 as compared to calcein-AM uptake without EEAC (control), (c) 
Doxorubicin (10 |iM) efflux assay: EEAC inhibited P-gp mediated efflux of doxorubicin in a concentration dependent manner. EEAC significantly 
inhibited doxorubicin efflux in wild-type P-gp, as well as the two variant-types P-gp. *p<0.05 as compared to doxorubicin efflux without EEAC 
(control). (d)The IC 50 of the inhibitory effect of EEAC on rhodamine 123 efflux by ABCB1 1236C-2677G-3435C (wild type),/*6CB7 1 236T-2677T-3435T 
and ABCB1 1 236T-2677A-3435T were 1.51, 5.56 and 3.33 |ig/ml, respectively, indicating the inhibitory effect of EEAC on rhodamine 123 efflux by wild- 
type P-gp was the most potent. Above data were presented as mean ± SE of at least three experiments, each in triplicate. *p<0.05 as compared to 
rhodamine 123 efflux without EEAC (control). 
doi:1 0.1 371 /journal.pone.0089622.g002 



123 decreased as the concentration of EEAC increased (Fig. 4; 
Table 1). These results indicated that EEAC may inhibit 
rhodamine 123 efflux by the variant type 1236T-2677A-3435T 
P-gp via uncompetitive inhibition. 

As for the kinetics of P-gp mediated doxorubicin efflux, the 
EEAC was demonstrated to inhibit doxorubicin transport by 



distinctive kinetics among different types P-gp. In the wild-type P- 
gp, when the concentration of EEAC increased, the maximum 
rate of doxorubicin efflux (Vmax) remaining unchanged with 
affinity (Km) increased (Fig. 5a; Table 2). These results suggested 
that EEAC may inhibit doxorubicin efflux by wild-type P-gp via 
competitive inhibition. In terms of the variant type 1236T-2677T- 
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Figure 3. Effect of EEAC on P-glycoprotein ATPase activity, (a) 

Incubation with EEAC (0.01-200 |rg/m I) stimulated the P-gp ATPase 
activity. Data were analyzed in terms of RLUs. (b) Verapamil (25- 
400 (iM) showed its capacity to stimulate P-gp ATPase activity, (c) EEAC 
(1-100 |ig/ml) was tested for its capacity to inhibit 200 |jJVI verapamil- 
stimulated P-gp ATPase activity. Above results indicated that EEAC 
stimulated the P-gp ATPase activity and inhibited 200 |iM verapamil- 
stimulated P-gp ATPase activity at concentration 5 ng/ml. 
doi:1 0.1 371 /journal.pone.0089622.g003 



3435T P-gp, both Vmax and Km of doxorubicin decreased as the 
concentration of EEAC increased (Fig. 5b; Table 2). These results 
indicated that EEAC may inhibit doxorubicin efflux by the variant 
type 1236T-2677T-3435T P-gp via uncompetitive inhibition. On 
the other hand, in the variant type 1236T-2677A-3435T P-gp, 
when the concentration of EEAC increased, the Vmax decreased 
with Km of doxorubicin remaining unchanged (Fig. 5c; Table 2). 
These results suggested that EEAC may inhibit doxorubicin efflux 
by variant type 1236T-2677A-3435T P-gp via non-competitive 
inhibition. 

Discussion 

The present study demonstrated that EEAC may inhibit human 
P-gp efflux function through ATPase stimulation. The common 
genetic polymorphisms of human P-gp influence the inhibition 
kinetics and inhibition potency of EEAC. The wild- type human P- 
gp was the most sensitive to EEAC at the lowest concentration of 
IC 50 , whereas the variant-type 1236T-2677T-3435T P-gp was the 
least sensitive to EEAC at the highest concentration of IC 50 . 
Regarding the inhibition kinetics, EEAC inhibited wild-type P-gp 
and variant-type 1236T-2677T-3435T P-gp through noncompet- 
itive inhibition, whereas it inhibited variant-type 1236T-2677 
A-3435T P-gp through uncompetitive inhibition. In our previous 
study, we have reported the P-gp inhibition kinetics of methadone 
[16]. There are some basic differences in the mechanism of action 
of EEAC and methadone. First, EEAC exhibited P-gp ATPase 
stimulation effect in a concentration-dependent manner while 
methadone did not. Second, EEAC inhibited variant-type 1236T- 
2677T-3435T P-gp through noncompetitive inhibition while 
methadone inhibited variant-type 1236T-2677T-3435T P-gp 
through uncompetitive inhibition. A recent study has reported 
the P-gp inhibition effects of selected phenolics, terpenoids and 
alkaloids [18]. Their results demonstrated that fS-carotene and 
sanguinarine inhibited wild-type P-gp through competitive inhibi- 
tion [18]. Therefore, the inhibition kinetics may vary from 
compound to compound. 

A previous study reported on how P-gp expression was 
influenced by this traditional natural product [19]. When 
combined with chemotherapeutic agents, the crude extract of 
Antrodia camphorate (AC-SS) exhibited adjuvant antiproliferative 
effects on hepatoma cells and on xenografted cells in tumor- 
implanted nude mice [19]. The expression of the ABCB1 gene was 
demonstrated to be reduced by AC-SS treatment in two hepatoma 
cell lines (C3A and PLC/PRF/5) [19]. In this study, EEAC 
inhibited human P-gp efflux function without affecting ABCB1 
gene expression. The inhibition of human P-gp efflux function by 
EEAC occurred rapidly, within 30 min, through non-competitive 
inhibition and lasted for more than 2 h. These results provide 
explanations for the mechanism of the significant inhibiting effect 
of EEAC on P-gp function. Similar to verapamil, a well-known P- 
gp inhibitor, EEAC acted as an ATPase stimulator and reduced 
the ATPase stimulating effect of verapamil. These results indicate 
that EEAC interacted with verapamil on the same binding site of 
ATPase and exerted a significant P-gp-inhibiting effect at low 
concentrations (1-5 ng/mL). Potential drug-drug interactions may 
occur when a P-gp inhibitor, such as EEAC, co-administered with 
P-gp substrates, such as digoxin and fexofenadine [20-22] . These 
drug-drug interactions may lead to insufficient absorption, 
toxicities or side effects. Recently, studies have focused on 
developing prediction models for P-gp mediated drug-drug 
interactions suggesting the importance of this issue in clinical 
settings [23-26]. Therefore, while conducting clinical trials with 
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Figure 4. Concentration-dependent rhodamine 123 efflux (10-30 uM) in the presence or absence of EEAC. The left panels showed the 
nonlinear regression analysis of rhodamine 123 efflux and the right panels demonstrated the Lineweaver-Burk plot analysis of rhodamine 123 efflux. 
(a) Wild-type P-gp (1236C-2677G-3435C). (b) Variant-type P-gp (1236T-2677T-3435T). (c) Variant-type P-gp (1236T-2677A-3435T). Data were presented 
as mean ± SE of at least three experiments, each in triplicate. *p<0.05 as compared to rhodamine 123 efflux without EEAC (control). 
doi:10.1371/journal.pone.0089622.g004 
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Figure 5. Concentration-dependent doxorubicin efflux (10-30 |iM) in the presence or absence of EEAC. The left panels showed the 
nonlinear regression analysis of doxorubicin efflux and the right panels demonstrated the Lineweaver-Burk plot analysis of doxorubicin efflux, (a) 
Wild-type P-gp (1236C-2677G-3435C). (fa) Variant-type P-gp (1236T-2677T-3435T). (c) Variant-type P-gp (1236T-2677A-3435T). Data were presented as 
mean ± SE of at least three experiments, each in triplicate. *p<0.05 as compared to doxorubicin efflux without EEAC (control). 
doi:1 0.1 371 /journal.pone.0089622.g005 
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Table 2. Effect of the ethanolic extract of Antrodia cinnamomea (EEAC) on doxorubicin transport by wild-type and variant-type 
human P-gp. 





Nonlinear kinetic parameters 


ABCB1 1236C-2677G-343SC (wild-type) 


V m (pmole/mg protein/120 mins) 


K m (uM) 




Nonlinear regression 


Doxorubicin only 


105.60±6.78 


8.97 ±0.06 




+ EEAC, 2.5 ug/ml 


11 0.21 ±1.41 


23.71 ±1.96* 




+ EEAC, 5 ug/ml 


11 5.05 ±1.99 


24.84±1.33* 




EEAC K, estimation 


K| from Lineweaver-Burk (ug/ml) 






7.93 ±0.31 


ABCB1 1 236T-2677T-3435T 


Nonlinear regression 


Doxorubicin only 


87.35 ±1.42 


35.58±2.25 




+ EEAC, 2.5 ug/ml 


68.68 ±4.44* 


24.40 ±2.22* 




+ EEAC, 5 ug/ml 


54.15±4.66* 


23.86 ±1.49* 




EEAC K| estimation 


Kj from Lineweaver-Burk (ug/ml) 






8.68±0.52 


ABCB1 1 236T-2677A-3435T 


Nonlinear regression 


Doxorubicin only 


129.51 ±2.34 


33.91 ±2.90 




+ EEAC, 2.5 ug/ml 


81.02±0.58* 


20.55 ±1.23 




+ EEAC, 5 ug/ml 


63.81 ±0.91* 


25.13±2.08 




EEAC K, estimation 


K| from Lineweaver-Burk (ug/ml) 






6.62 ±0.48 



*p<0.05 compared with doxorubicin transport without EEAC. 
doi:1 0.1 371 /joumal.pone.0089622.t002 



EEAC in future studies, possible drug-drug interactions should be 
considered. 

Regarding the influences of ABCB1 genetic polymorphisms on 
the P-gp-inhibition potency of EEAC, the results of this study 
indicate that EEAC exhibited 2-fold lower and 4-fold lower 
inhibition potency toward variant-type 1236T-2677A-3435T and 
1236T-2677T-3435T P-gp than toward wild-type P-gp, respec- 
tively. Moreover, the inhibition kinetics also changed between the 
wild-type and variant-type P-gps. These results correspond with 
those of a previous study that identified the functional effect of 
ABCB1 12360T, 26770T/A, and 34350T [27]. The 
variant haplotypes 1236T-2677A-3435T and 1236T-2677T- 
3435T were demonstrated to alter the tertiary structure of P-gp 
from the wild-type 1236C-2677G-3435C conformation [27]. The 
conformation changes were suggested to influence substrate 
binding affinities and were confirmed by the binding of the 
conformation-sensitive P-gp antibody [27]. These findings support 
the results of this study and provide a fundamental base for how 
the synonymous SNPs affect protein function. The influences of 
the variant haplotypes 1236T-2677A-3435T and 1236T-2677T- 
3435T on the interactions between P-gp and substrates or 
inhibitors were reported [16,17]. The effects of the variant 
haplotypes on P-gp function were dissimilar among substrates and 
inhibitors, which may cause the large interindividual variabilities 
in clinical outcomes. Therefore, identifying the possible influences 
of the variant haplotypes on P-gp function may facilitate the 
development of individualized therapies. 

The associations between ABCB1 genotypes and chemotherapy 
responses have been reported previously. Patients with the 1236C- 
2677G-3435C haplotype were associated with poor responses to 



imatinib treatment for chronic myeloid leukemia [28]. By contrast, 
patients with the 1236CC and 2677GG genotypes were reported 
to have longer survival when treated for prostate cancer using 
docetaxel and thalidomide [29]. The 3435TT genotype was also 
related to increased toxicity to docetaxel/cisplatin treatment in 
non-small-cell lung cancer patients [30]. Another study associated 
the 3435TT genotype with favorable responses to treatment with 
anthracyclines and taxanes in breast cancer patients [9] . Although 
these studies did not investigate the expression or function of P-gp, 
the variant-type P-gps may have had functional deficits, leading to 
the accumulation of substrates. This effect may elevate the 
therapeutic level of drugs, and subsequently produce a favorable 
treatment response and increase the risk of drug-related toxicities. 
Therefore, understanding the influences of SNPs on protein 
function may help improve the efficacy of treatment. 

In our previous study, the index compounds within EEAC were 
measured and quantified using HPLC, LC/MS, and LC/MS/MS 
and used for controlling the quality of the extraction procedure for 
each batch [14]. The adenosine, cordycepin, and zhankuic acid A 
contents were 0.08, 0.16, and 235 mg/g of EEAC, respectively. 
Therefore, in 1 ug/ml EEAC, the concentrations of adenosine, 
cordycepin, and zhankuic acid A would be 0.29 uM, 0.63 uM and 
0.5 uM, respectively. As a traditional health food, these compo- 
nents are ingested together and produce combined effects. A. 
cinnamomea has been demonstrated to be a potential anticancer, 
antiinflammatory, and antioxidative agent. In this study, we 
demonstrated that A. cinnamomea may possess the ability to 
overcome MDR. 

In conclusion, we demonstrated that EEAC inhibited the efflux 
function of human P-gp through an ATPase stimulation mecha- 
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nism. The common SNPs on the ABCB1 gene influence the 
binding kinetics of EEAC to human P-gp. Additional preclinical 
and clinical studies are required to verify whether EEAC can be 
developed as an MDR-reversing agent. 

Supporting Information 

Figure SI Representative HPLC and mass spectrometry of the 
index compounds in EEAC. The relative content of adenosine, 
cordycepin, and zhankuic acid A in EEAC were calculated 
according to the concentration of standard compounds. The index 
compounds (adenosine, cordycepin, and zhankuic acid A) were 
confirmed by ESI-MS and ESI-MS/MS within EEAC. (A) HPLC 
data for adenosine and cordycepin. (B) HPLC data for zhankuic 
acid A. (C) LC/MS spectra of cordycepin. (D) LC/MS spectra of 
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